We present the results of our wide-field narrow band imaging of the field around the radio galaxy 53W002 at z = 2.390 with Subaru/Suprime-Cam. A custom made filter N B413 centered at 4140Å with the width of 83Å is used to observe the 31 ′ × 24 ′ area around the radio galaxy. We detected 204 Lyα emitters (LAEs) at z = 2.4 with a rest frame equivalent width larger than 25Å to the depth of 26 AB mag (in N B413). The entire LAE population in the 53W002 field has an average number density and distributions of equivalent width and size that are similar to those of other fields at z ∼ 2. We identify a significant high density region (53W002F-HDR) that spreads over ≈ 5 ′ ×4 ′ near 53W002 where the LAE number density is nearly four times as large as the average of the entire field. Using the probability distribution function of density fluctuation, we evaluate the rareness probability of the 53W002F-HDR to be 0.9 +2.4 −0.62 %, which corresponds to a moderately rich structure. No notable environmental dependency at the comoving scale of 10 Mpc is found for the distributions of the Lyα equivalent width and luminosity in the field. We also detected 4 Lyα blobs (LABs), one of which is newly discovered. They are all found to be located in the rims of high density regions. The biased location and unique morphologies in Lyα suggest that galaxy interaction play a key role in their formation.
INTRODUCTION
In the local universe, a strong environmental dependence of galaxy properties is observed (e.g. Dressler 1980; Binggeli et al. 1988; Goto et al. 1 Based on the observations conducted with the Subaru Telescope which is operated by the National Astronomical Observatory of Japan.
2003; Park et al. 2007) . It is understood that external effects from their surrounding environments, namely galaxy-galaxy merger, harassment, ram-pressure stripping, and starvation may play key roles in sufficiently mature structures like clusters of galaxies in the nearby universe. At high redshift, on the other hand, the intrinsic environmental effects, such as galaxy formation bias (Benson et al. 2001; Weinberg et al. 2004) should also play an important role rather than the external effects. The high density regions at high redshift are dominated by star-forming galaxies as galaxy formation preferentially occurs in dense environments at such epochs, which is naturally expected in the hierarchical structure formation theories. Observations of high-z protoclusters are important in order to study how such intrinsic environmental effects work on the galaxies in the early universe.
So far the narrow band method has been very efficient to discover density excesses at high redshift. Many authors have searched and discovered overdense structures traced by Lyα emitters (LAEs) since the late 1990s (e.g., z ∼ 2: Pentericci et al. 2000; Prescott et al. 2008 , z ∼ 3: Steidel et al. 2000 Hayashino et al. 2004; Yamada et al. 2012 , z ∼ 4: Venemans et al. 2002 Kuiper et al. 2011 , z ∼ 5: Shimasaku et al. 2003 Venemans et al. 2004 , z ∼ 6: Ouchi et al. 2005 . LAEs are thought to be less massive, metalpoor, young and star-forming galaxies in general (Malhotra & Rhoads 2002) although it is reported recently that their properties may change along redshift (Nilsson et al. 2009; Nakajima et al. 2012) . Ono et al. (2010) repoted the typical physical quantities of LAEs at z = 3 -4: M star = 10 8 − 10 8.5 M ⊙ , SFR = 1 -100 M ⊙ yr −1 , ages = 10 6 -10 9 yr, E(B-V) < 0.2. Such a galaxy population at high redshift is considered to trace the large scale structure (Uchimoto et al. 2012) , and at least some fraction of them should be the building-blocks that evolve to massive galaxies at the later epochs.
The distributions of Lyα emitters in the field around the radio galaxy 53W002 at z = 2.39 and α = 17 h 14 m 14 s .8, δ = +50
• 15 ′ 49 ′′ (hereafter, the 53W002 field), which is the region we study in this paper, was first investigated by Pascarelle et al. (1996a,b) . They conducted deep medium-band (∆λ = 150Å) imaging of the 53W002 field using Hubble Space Telescope (HST)/Wide Field Planetary Camera 2 (WFPC2). In their relatively small survey area (∼ 2.5 ′ × 2.5 ′ ), 18 LAEs at z ∼ 2.4 were discovered, which was claimed to be the first direct detection of socalled 'building-blocks' of galaxies at high redshift. Pascarelle et al. (1998) also observed three other WFPC2 fields using the same medium-band filter and argued that the 53W002 field is a high density region. Keel et al. (1999) then surveyed the wider area around 53W002 with the 4 m Mayall telescope of Kitt Peak National Observatory. They found 14 LAEs in the area of 14 ′ × 14 ′ and suggested that the LAEs in the 53W002 field showed density excess compared with those in the blank fields. While several authors have investigated the properties of the galaxies in this field Waddington 1998; Yamada et al. 2001; Motohara et al. 2001a,b; Im et al. 2002; Keel et al. 2002; Smail et al. 2003) , the previous observations seem to be insufficient to establish the significance of the density enhancement of the field. First, the medium-band filters used to detect Lyα emission line in the previous observations covers the relatively wide redshift range of ∆z = 0.12 (z = 2.30 -2.42), which may suffer from some projection effects. Second, both deep and wide observations are essential to identify the high redshift overdense region while the previous observations are not sufficient either in area (HST observation) or in depth (groundbased observation).
It is important not only to detect the high density regions at high redshift but also to characterize their richness in order to trace the evolution of galaxies in such dense environments or to compare the properties of the galaxies in their appropriate descendants. It is needed to introduce some objective measure to characterize such high-density overdense regions selected by LAEs to make the ancestors/descendants comparison possible.
In this paper, we present the results of our deep and wide observations using the narrow-band filter. We describe the observation and data reduction in §2, sample selection of LAEs in §3, and the results in §4. In §5, we discuss the implications of our results. Our conclusions are summarized in §6. Throughout this paper, we use AB magnitude system and adopt a cosmology with H 0 = 70.5 km s −1 Mpc −1 , Ω M = 0.27, and Ω Λ = 0.73 (Komatsu et al. 2009 ).
OBSERVATION AND REDUCTION
In 2009 May 22 -23 (UT), we carried out imaging observations of the 53W002 field, centered at α = 17 h 14 m 15 s .2, δ = +50
• 15 ′ 49 ′′ (J2000) using Suprime-Cam (Miyazaki et al. 2002 ) equipped on the 8.2 m Subaru telescope. We used the cus- tom narrow-band filter N B413 which has the central wavelength of 4140Å and the width of 83Å (FWHM) . The N B413 filter was built aiming to detect Lyα emission at z = 2.37 -2.44. We also used the B-band filter to estimate the continuum flux. In Figure 1 we show the transmission curves of the filters used in this study. The total exposure time was 3.5 hours for the N B413 and 1 hour for the B band, respectively.
We used SDFRED version 2.0 (Yagi et al. 2002; Ouchi et al. 2004 ) for the data reduction. As the number of the exposures is small (7 shots for the NB413 images), we made careful cosmic ray subtraction using L. A.Cosmic (van Dokkum 2001) 
Mpc
3 . The B band image was smoothed so that the size of the stellar images is matched to that of the N B413 image; 0.86 ′′ in FWHM. The flux calibration was made by using the spectroscopic standard star, PG1708+602. We used SExtractor (Bertin & Arnoults 1996) version 2.5.0 for object detection and photometry. The resultant 5σ limiting magnitude in 2 ′′ -diameter aperture is 25.95 mag for the N B413 image and 26.7 mag for the B image. The 5σ limiting magnitude of the N B413 image corresponds to the narrow-band luminosity (L N B413 ) of 1.0 × 10 42 erg s −1 assuming objects at z = 2.4.
SELECTION OF LAE
Object detection was made on the N B413 image: we adopted the criteria that more than 12 contiguous pixels above the 3σ threshold of the background fluctuation. Furthermore, we rejected the obvious false detections using one of the SExtractor parameters, FLAGS. As a result, a total of ∼ 28,000 objects were detected in the range of 17 mag ≤ N B413 ≤ 27 mag. In the photometry, we used the fixed diameter (2 ′′ ) aperture for both of the N B413 and the B images, where each aperture was centered on the position of the object detected in the N B413 image. For objects fainter than 1 σ limiting magnitude in the B band image, we replaced their B band magnitude with 1 σ (28.45 mag).
To select the LAE candidates, we adopted the following three selection criteria. (i) B −N B413 ≥ 0.68: the B − N B413 color of 0.68 corresponds to the rest-frame equivalent width (EW 0 ) of 25Å for z = 2.4 Lyα emission line. (ii) 18 mag ≤ N B413 ≤ 25.95 mag. (iii) B − N B413 ≥ -0.2 + 4σ in the color. The last criterion is to avoid the contamination at the faint end, where the foreground or background objects distribute around B − N B413 = -0.2. For the 213 objects which satisfy the three criteria, we visually inspected them to reject 9 sources (e.g. saturated stars, part of extended blobs). We finally accepted the remaining 204 objects as significant emission-line objects. These 204 candidates are shown in the color-magnitude diagram of Figure 2 .
One possible contaminant for z = 2.4 LAE is an [O II] emitter at z = 0.10 -0.12. Our 5σ detection limit of the N B413 image corresponds to the [O II] luminosity of L = 6.8 × 10 38 erg s −1 and the surveyed comoving volume is ∼ 1,150 Mpc 3 , which is one hundred times smaller than that for Lyα at z = 2.4. From the luminosity function and EW distribution in Sullivan et al. (2000) we expect ∼ 7 [O II] emitters in our sample. While another possible contaminant is a C IV emitter at z = 1.65 -1.70, a strong C IV emission line is expected only among AGN whose number density is much smaller than [ Keel et al. (1999) reported (yellow squares). East is to the left and north is upward. Grey shaded regions correspond to the masked areas. Black lines correspond to contours of smoothed LAE number density: 0.5 ×, 1 × (solid line), 2 ×, and 2.85 × average of the entire field. We call the highest density region as 53W002F-HDR (orange rectangle).
be negligible in our sample. Indeed, the previous spectroscopic observations (Matsuda et al. 2005 (Matsuda et al. , 2006 show that such contamination in the similar sample at z = 3.1 is at most 1%. We ignore the contamination and treat all the 204 objects as LAEs at z = 2.4 in the following discussion. Table 1 shows the properties of these LAEs. We listed not only the results of the fixed aperture photometry but also that of the Kron aperture photometry (SExtractor MAG AUTO) as many LAEs have the Lyα emission which is more extended than the continuum. Furthermore, we also performed the isophotal photometry for some extended Lyα clouds (i.e. Lyα blobs: LABs), and their isophotal colors are superposed in Figure 2 (filled circle). LABs will be discussed in detail in section 4.1.4.
RESULTS

z = 2.4 Galaxies In The Entire Field
Spatial Distribution
The sky distributions of the LAEs in the 53W002 field are shown in Figure 3 . The sizes of the symbols represent the rest-frame equivalent width at z = 2.4 based on the fixed aperture photometry (large: Mpc −3 . First, we compare our results with the previous LAE search in this field (Pascarelle et al. ,b, 1998 Keel et al. 1999) . Figure 4 shows the objects selected as LAEs in Pascarelle et al. (1996b Pascarelle et al. ( , 1998 and Keel et al. (1999) in our B − N B413 versus N B413 color magnitude diagram. While the brightest objects and one of the LAEs are recovered in our sample, other objects that have been regarded as LAEs in previous studies are not. Their B − N B413 colors are distributed around ∼ 0, which indicates that there is no significant emission line in the narrow-band. This result may be due to the difference of the filters. F410M used Pascarelle et al. (1998) and Keel et al. (1999) , respectively. LAEs that were spectroscopically confirmed as z ∼ 2.4 are shown by the filled circles. The yellow open square represents P98-No.12 that was spectroscopically confirmed as z = 2.388 in Pascarelle et al. (1996b Pascarelle et al. ( , 1998 .
in Pascarelle et al. (1996a Pascarelle et al. ( ,b, 1998 and F413M used in Keel et al. (1999) are medium band filters that have the width of 150Å (F W HM ) in the transmission curve, which samples the LAEs at z = 2.30 -2.42 and 2.32 -2.45, respectively. They are about twice as wide as our N B413 filter. Among the previously reported LAEs, 10 objects were spectroscopically confirmed as z ∼ 2.4 (filled circles in Figure 4 ). 3 AGNs (53W002, No.18 and No.19) , 2 QSOs in Keel et al. (1999) and 1 LAE in Pascarelle et al. (1998) (No.29) are also selected in our analysis. No.11 in Pascarelle et al. (1998) is not selected as a LAE, which is naturally understood because its redshift of 2.45 is out of the range of our N B413. No.6 in Pascarelle et al. (1998) and No.5 in Keel et al. (1999) locate near bright stars and we masked the field. No.12 in Pascarelle et al. (1996b Pascarelle et al. ( , 1998 is not selected as a LAE in our analysis while Lyα emission at its redshift of 2.388 should enter the N B413 filter (see yellow open square in Figure 4 ). One possible explanation is that the claimed emission may be a transient such as supernovae at z = 2.4, but the reason remains to be unknown. e It is mentioned that the LAE number density for ECDF-S is roughly the same with that of the z = 2.25 LAEs in the COSMOS field.
Number Density of LAEs
In the last section we obtained the LAE average number density in our survey field as 1.16 × 10 −3 Mpc −3 . This value is estimated for the LAEs with L N B brighter than 1.0 × 10 42 erg s −1
and EW 0 larger than 25Å without correction of the IGM attenuation. We compare the LAE density of the 53W002 field with results of several other z ∼ 2 LAE studies. Note that the selection criteria as well as the adopted cosmological parameters are matched for the purpose, which is not always straightforward. Nilsson et al. (2009) and EW 0 ≥ 25Å in Stiavelli et al. (2001) . They searched LAEs at z = 2.4 in the field around QSO DMS 2139-0356 and showed the volume density of (1.3±0.2) × 10 −4 Mpc −3 . With the same limit, the volume density for the 53W002 field is estimated as (2.1±0.3) × 10 −4 Mpc −3 . Prescott et al. (2008) studied the overdense environment around a large LAB and found 785 LAEs at z = 2.7, which results in the volume density of (1.9±0.07) × 10 −3 Mpc −3 for the threshold of L N B ≥ 1.7 × 10 42 erg s −1 and EW 0 ≥ 40Å. The density for the 53W002 field is estimated as (4.6±0.5) × 10 −4 Mpc −3 for the same threshold. The z = 2.7 fields clearly has the larger density than our z = 2.4 fields. Guaita et al. (2010) surveyed the Extended Chandra Deep Field-South (ECDF-S) and estimated the density of the z = 2.1 LAEs as (3.1±0.9) × 10 −3 Mpc −3 . We cannot make a direct comparison as their LAE selection threshold is deeper than ours and there is no catalog of their LAEs. The LAE density for ECDF-S may be comparable or slightly larger than that for the 53W002 field because they mentioned that the density of ECDF-S is roughly the same with that of the z = 2.25 LAEs in the COSMOS field (Nilsson et al. 2009 ). Table 2 summarizes the comparison of the LAE number density of the 53W002 field with that of the four other z ∼ 2 fields. These comparisons suggest that the LAE volume density in the entire 53W002 field is comparable to those in other z ∼ 2 general fields.
Sizes and EWs of LAEs
In order to evaluate the size of the Lyα emission, we first made the Lyα image of the LAEs by subtracting the continuum component from the N B413 image. Assuming the flat spectrum of the continuum in the range of B-band, we separated the Lyα component from the continuum component as
where f νN B413 and f νB is the flux per unit frequency (erg s −1 cm −2 Hz −1 ) for the photons that enter the N B413 and B-band filter, f νLyα and f νC is the flux per unit frequency of the Lyα line and the continuum component at the wavelength of 4140Å, and ∆ν N B413 and ∆ν B is the width of the N B413 and B-band filter (F W HM ) in unit of frequency, respectively. We also made the continuum image by subtracting the Lyα component from the B image. The 5σ limiting magnitude in a 2 ′′ diameter aperture is 26.0 mag for the Lyα image and 26.6 mag for the continuum image. Among the 204 LAEs we carefully selected the objects to measure the sizes which are not easily affected by background noises especially in the continuum image. We made object detection independently on the Lyα and continuum images, and selected the objects that have fluxes brighter than the 2σ detection limit in both images (Lyα < 27.0 mag, continuum < 27.6 mag). This flux criterion is aimed to select objects that have peak higher than twice of the noise, which leads to the robustness in measuring F W HM s of the profiles. The number of objects in the resultant sample is 158, and we used SExtractor to mesure their sizes (FWHM IMAGE, KRON RADIUS). Figure 5 shows the size distribution in the Lyα image and the continuum image. The F W HM distributions (solid line) suggest that the samples are more extended in Lyα than in continuum, which is a common trend for LAEs (Steidel et al. 2011; Matsuda et al. 2012 ). There are no notable differences between the F W HM distribution in the 53W002 field and that in another z ∼ 2 general field reported in Nilsson et al. (2009) . We also show the Kron diameter distributions (dashed line), which are consistent with the fact that the fluxes using aperture of 2.5 × Kron diameter are systematically larger than those using the fixed aperture (see Table 1 ). For the EW 0 distribution, it was suggested in previous studies (Gronwall et al. 2007; Nilsson et al. 2007 Nilsson et al. , 2009 Cassata et al. 2011 ) that the fraction of LAEs with small EW 0 increase at lower redshift. For comparison, we show the distribution of EW 0 of our LAEs in the 53W002 field in Figure 6 . Note that these EW 0 are based on the simple calculation assuming neither Galactic nor Intergalactic medium (IGM) extinction. Following Gronwall et al. (2007) , we then fitted the EW 0 distribution calculated from the fixed aperture photometry with an exponentially declining function:
where C is a normalization constant and w 0 is e-folding length. The best fit solution minimizing the χ 2 is w 0 = 43.7 ± 0.43Å. While this efolding length is also slightly smaller than that of 48.5 ± 1.7Å for z = 2.25 LAEs (Nilsson et al. 2009) , it is much smaller than that of 76
A for z = 3.1 LAEs (Gronwall et al. 2007) . It is consistent with the trend that EW 0 distribution becomes narrower at lower redshift. It was also pointed out by the previous studies that the number of LAEs with EW 0 ≥ 240Å is less than that at higher redshift (z 4), where such a extremely large EW 0 cannot be explained without top-heavy initial mass function or Population III stars (Malhotra & Rhoads 2002) . The fraction of our LAEs that have EW 0 larger than 240Å is 0.11 ± 0.02 (23/204) either in the case of 2 ′′ aperture, or the Kron aperture. This fraction for the 53W002 field is larger than the value, a few percent, for other fields at z ∼ 2 (Nilsson et al. 2009; Stiavelli et al. 2001) . It may be unique property of the 53W002 field that there are substantial number of LAEs that have extremely large EW 0 while the rest distribution is dominated by small EW 0 objects. We also note that there is no notable trend about the sky distribution of high EW objects (EW 0 > 240Å).
Blobs, AGNs and QSOs
There are some unique objects in the 53W002 field. We found four Lyα blobs (LABs), three of which are also reported in previous works. The LABs were selected according to a similar method described in Matsuda et al. (2004) . First, we made the object detection on the Lyα image adopting the criteria to have more than 20 contiguous pixels above the threshold of 2σ of the background fluctuation, which corresponds to 27.1 mag arcsec −2 (7.90 × 10 −18 erg s
Next, the N B413 and B magnitudes of the detected objects were measured using the same isophotal apertures defined in the process of source detection on the Lyα image. We then selected the LABs by adopting the following criteria. Pascarelle et al. 1996b) , and LAB4 (LAE4) which was newly found in this study. The properties of the four LABs (including the isophotal B − N B413 colors) are shown in Table 3 and Figure 2 (filled circles). In Table 3 we show not only the isophotal areas but also the major-axis diameters (Matsuda et al. 2011) . The N B413, B, Lyα and continuum images of the four LABs are shown in Figure 7 , where the 2σ isophotal apertures of the Lyα image that we used in both of the detection and photometry are superposed on the continuum images. 53W002, which is originally found as a weak radio source , has the smallest isophotal area and major-axis among the four LABs.
No.18 lies in the northwest direction from 53W002, and it is the most unique object with several very interesting features. First it is notable that No.18 has an extremely large EW 0 and very extended Lyα nebulae in spite of a substantial amount of dust (see later description). We b Major-axis diameter of the isophotal aperture in physical scale at z = 2.4.
c The sixth and seventh rows are based on the isophotal aperture photometry.
d Average Lyα surface brightness.
References.
- (1) show the pseudo-color image of No.18 (N B413 for green, B for blue and red) as well as their Lyα surface brightness in Figure 8 . It clearly has two bright structures in Lyα (plume1 and plume2). The unique shape of plume1 appears like a bow-shock front with a jet expelled from the core. A weak continuum source is seen in the Lyα isophotal contour of plume1, although there is a small offset between their positions . No.18 also has two tails with lower surface brightness (tail1 and tail2). They resemble tidal tails, which may indicate that No.18 is undergoing a merger process. On the other hand, tail1 and tail2 are seen only in the Lyα image and no significant continuum emission is detected. If these tails consist only of gas and not of stars the energy source of Lyα emission remains to be considered. In Figure 8 we also show the enlarged image of the central core that is unresolved in our continuum image but resolved in HST images. Note that we used the HST archive data (WFPC2/F450W, F606W, and F814W) to make the color image, which are the same as that used in the previous study ). The core consists of two components: the compact southern component that has redder color in the rest-frame optical/UV, and the more diffuse northern component that even has bluer color and weaker continuum brightness, though a large fraction of the Lyα emission comes from this component . Near-infrared spectroscopy classified the southern component as a Seyfert 2 AGN (Motohara et al. 2001a ). Smail et al. (2003) discovered the submillimeter counterpart (SMG) to No.18. They also summarized several studies about No.18 that its physical process may be the complex mix of star formation, AGN activity of the southern component, resulting local ionization or illumination of the northern component and extended superwind driven by highly obscured starburst. Our results are well consistent with their picture about the core as the northern component has a large fraction of Lyα (see the 100 σ isophotal contour in Figure 8) . P lume1 appears to be expelled from the northern component, which is consistent with the appearance of the high spatial resolution Lyα image by HST (see Smail et al. 2003) . Further observation, especially for plume1 and the northern component that have never been observed spectroscopically, is needed in order to get a definitive picture about the physical process occurred in No.18. No.19, which lies close by No.18, was found as a variable QSO and spectroscopically confirmed to be at z = 2.397 ). In the Lyα image it shows faint and clumpy tails that is detected for the first time. Including the tails we estimated the size as 88.5 kpc in physical scale, which is relatively large among the LABs in other fields. Unlike No.18, however, we consider that No.19 is physically dominated by AGN because of its small EW 0 . LAB4 (the south object of the bottom row in the stamps in Figure 7 ) is located in the region previously not observed and with two blobby companions in the north. Unlike the other three objects associated with AGNs, LAB4 has no strong continuum counterpart and looks filamentary in Lyα.
We also detected two QSOs previously reported as LAEs (called as LAE77 and LAE128). LAE128 is located at the peak of the smoothed LAE number density in the 53W002 field, and LAE77 is also at relatively higher density region (see yellow squares in Figure 3 ).
53W002F-HDR
The most dense part in our surveyed field is at around (α,δ) = (17 h 14 m 10 s .0,+50
• 17 ′ 30 ′′ ) where the local number density is ∼ 2.9 times of the average of the entire field. We identify the 4.7 ′ × 4.1 ′ region around the most dense point as the high density region and refer this as 53W002F-HDR (see the orange rectangle in Figure 3 ). 53W002F-HDR has a volume of 4850 Mpc 3 in comoving scale and the LAE total number of 21. So the mean number density of the 53W002F-HDR is 4.33 × 10 −3 Mpc −3 , which is nearly four times as large as the mean of the entire field. The four unique objects (53W002, No.18, No.19 and LAE128) lie in the very small volume of 53W002F-HDR. In Figure 5 the F W HM (red shaded) and Kron diameter (green shaded) distributions of the LAEs in 53W002F-HDR are presented.
DISCUSSION
Rareness Probability of 53W002F-HDR
In this section we are going to discuss how significant 53W002F-HDR is. We should apply a more objective indicator of the significance of the structure than just density so that we can also make comparison with proto-cluster regions at other redshift and to trace the evolution of galaxies in such dense environment. We introduce a new quantity for this purpose.
Assuming the number density of the LAEs in the entire survey field as the average in the z = 2.4 universe (n = 1.16×10 −3 Mpc −3 ), the number density of 53W002F-HDR (n HDR = 4.33 × 10 −3
Mpc
−3 ) is converted to the LAE overdensity,
where the error is the poisson error. Although this represents the overdensity of the LAE number density, we assume this can be regarded as the LAE mass overdensity, (ρ HDR −ρ)/ρ. Furthermore we approximated the overdensity of the underlying mass assuming the LAE linear bias by
There is only a few studies about bias for z ∼ 2 LAEs and almost all of them estimated linear bias. So we used the linear bias of b LAE = 1.8 ± 0.3, which was estimated from the observation of 250 LAEs at z = 2.1 (Guaita et al. 2010) . Thus, the mass overdensity of 53W002F-HDR results in δ mass,HDR = 1.5 ± 0.5. Then we introduce the probability distribution function (PDF) to characterize the general distribution of mass fluctuations in the specific red-shift universe. By definition, the PDF of cosmological density fluctuations describes the probability of having a fluctuation in the overdensity range (δ, δ + dδ), within a spherical region of characteristic radius R randomly located in the universe at the given redshift. We followed mainly Marinoni et al. (2005 Marinoni et al. ( , 2008 to make the PDF of the underlying mass theoretically. Its shape is well approximated by a lognormal distribution up to moderately non-linear regimes (Coles & Jones 1991; Kofman et al. 1994; Taylor & Watts 2000; Kayo et al. 2001) ,
(5) This formula is fully characterized by a single parameter ω R , which is related to the variance of the overdensity field on the scale R (σ
The linear growth theory approximation is used to estimate σ R (z) with the normalization factor of σ 8 = 0.81 (Komatsu et al. 2011 ). We applied the correction of the redshift distortion to σ R (z) in Eq.(6) because we need to make the PDF in redshift space in order to compare with the observations. The correction accounts for the average contribution of the linear redshift distortions induced by peculiar velocities (Kaiser 1987) . See Marinoni et al. (2005) for more details. Figure 9 shows the examples of the PDF of mass fluctuations for three different epochs, where we adopt the radius of sampling spheres of R = 10 Mpc. We also attempt to reconstruct mass PDF from the observed LAE distribution. First, we measured the LAE overdensities within a circular regions with the radius of 2.3 ′ (comoving 3.9 Mpc) randomly located in the field except for the edge. These circular regions have the equivalent volume with spheres with radius of 10 Mpc. Next, we assume the linear bias (b LAE = 1.8) to convert the LAE overdensities to mass overdensities. The resulting mass PDF is shown in Figure 9 (grey shaded histogram) . The theoretical and observed PDFs of mass fluctuation at z = 2.4 seem to be in reasonably good agreement. A Kolmogorov-Smirnov (KS) test gives the significance probability of the difference between the two distributions (KS probability, ranging between 0 and 1), 0.99. 5). We also show the mass PDF obtained observationally from the data of LAEs at z = 2.4 in the 53W002 field (grey shaded histogram), where we used the linear bias to convert the LAE overdensity to the mass overdensity (see text for details). A KS test does not reject the null hypothesis that the observed mass PDF is drawn from the theoretical PDF at z = 2.4 (KS probability = 0.99).
We evaluated the significance of 53W002F-HDR as follows. First we made the theoretical mass PDF at z = 2.4 with R = 10.5 Mpc, this scale corresponds to the radius of a sphere having the equivalent volume with 53W002F-HDR in comoving scale. Next we calculated the probability of having δ mass larger than that of 53W002F-HDR (1.5 ± 0.5) from the mass PDF, 0.9 +2.4 −0.62 %. This implies that 53W002F-HDR is a rich region in the z = 2.4 universe where such overdense structure exist with the probability of ∼ 0.9%. Hereafter we call the probability representing rareness of structure as "rareness probability".
Next, we compare the rareness probability of 53W002F-HDR with those of other high density regions traced by LAEs at z > 2. For comparison, we used the data of the SSA22 field at z = 3.1 (Yamada et al. 2012) , the TN J1338-1942 field at z = 4.1 (Venemans et al. 2002) , and the 6C0140+326 field at z = 4.4 (Kuiper et al. 2011) , where their comoving volumes and LAE overdensities are available. The central region in the SSA22 field (Sb1 peak) has comoving volume of 20,580 Mpc 3 and LAE overdensity of 3.36±0.03. We calculated the rareness probability of the Sb1 peak assuming LAE linear bias of 1.9 (Guaita et al. 2010) , which results in the rareness probability of 0.0017 +0.0002 −0.0001 %. The region around the radio galaxy TN J1338-1942 has comoving volume of 7,315 Mpc 3 and LAE overdensity of 4±1.4, whose rareness probability is 0.2 +1.5 −0.17 % assuming the LAE linear bias of 3.7 (Kovač et al. 2007 ). The comoving volume and LAE overdensity of the region around the radio galaxy 6C0140+326 is 1570 Mpc 3 and 8±5, respectively. This corresponds to the rareness probability of 0.043
+3.49
−0.042 %, where we assume that the LAE linear bias is 3.7 (Kovač et al. 2007) . Compared with these values, the rareness probability of 53W002F-HDR, 0.9%, is larger or less significant. We also estimated the descendant of 53W002F-HDR in local. The galaxy overdensity of the spherical region at z = 0 which have the same comoving volume and the same rareness probability with 53W002F-HDR is found to be ∼ 4, assuming that galaxy bias is unity (b = 1). Following Croton et al. (2005) where clusters are defined as structures whose overdensity of galaxies within 8 h −1 Mpc sphere (δ 8 ) is larger than 6.0, the structure whose δ 8 equals to 4 (rareness probability ∼ 0.9%) is not classified as a cluster although it is significant high density region. On the other hand, it is difficult to find one-to-one correspodence between the regions with similar rareness probability at z = 2.4 and z = 0 because the nonlinear effects should be much more seriously considered at lower redshift. Therefore we only argue that 53W002-HDR may not evolve to extremely prominent rich cluster at z = 0.
The Environmental Dependency of LAEs' Properties
In order to discuss the properties of LAEs as a function of the local density environment, we evaluated the LAE overdensities in circular regions with the radius of 2.3 ′ centered at each LAE, which corresponds to the volume of a sphere with radius of 10 Mpc. Here we used the 162 LAEs that lie at least 2.3 ′ away from the edge of the image to avoid the edge effect. To search for the dependence of the properties on the environment for the 162 LAEs in the 53W002 field, we divided the samples into the three subsamples with LAE overdensity, δ LAE = 0.94 and -0.17, which correspond to the rareness probabilities of 12% and 50%. Hereafter we call the subsample with the LAE overdensity range of -1 ∼ -0.17, -0.17 ∼ 0.94 and 0.94 ∼ as the "poor region sample", the "normal region sample" and the "rich region sample", respectively. They contain 60, 69, and 33 LAEs. First, we investigated the EW 0 distributions. Here we used the EW 0 measured by the Kron photometry to capture the scattered component of Lyα emission while it actually gives the lower limit, as the EW 0 may be affected by possible contamination of the foreground galaxies in the continuum. Figure 10 shows the obtained differential (top) and cumulative (bottom) distributions of the three subsamples. There is no notable difference among the three subsamples. A KS test shows that every two subsamples have similar distributions with the KS probability larger than 0.25. We also found that there is no notable difference in the number fraction of LAEs with EW 0 larger than 240Å: 0.12±0.04 for the rich region sample, 0.06±0.03 for the normal region sample, and 0.15±0.07 for the poor region sample. Next, we investigated the distributions of the Lyα luminosities. We show the result in Figure 11 . The distributions of the three subsamples seem to be in agreement within the error bars. There may be a possible weak trend that the rich region sample has a distribution biased to larger Lyα luminosities than others. The difference between the rich region sample and others, however, is not significant with KS probability of 0.5. It is expected that the Lyα luminosity and EW 0 are connected with a mechanism emitting Lyα photons of LAEs. In this sense, the Lyα emitting mechanism of LAEs does not depend on their environment (10Mpc scale) at least in the 53W002 field.
We also investigated the environmental dependency of LAEs in other fields for comparison. As supplemental data, 386 LAEs in the SXDS field and 196 LAEs in the SDF field at z = 3.1 are used from the sample in Yamada et al. (2012) . In their analysis, the SXDS and SDF fields are considered as the blank fields at z = 3.1 with no significant density excess. Before discussing the environmental dependency, we investigated the Lyα EW 0 and luminosity distributions of whole sample in the z = 3.1 blank field. For the EW 0 distribution, we fitted it with an exponentially declining function (Eq. (2)) and derived the best fit solution of w 0 = 64.4 ± 1.5Å. This e-folding length at z = 3.1 is significantly larger than w 0 = 43.7 ± 0.43Å of the 53W002 field at z = 2.4, and this trend is consistent with the discussion in section 4.1.3. On the other hand, we found no notable evolution of Lyα luminosity distribution although the difference of completeness makes the comparison not straightforward. In order to search for environmental dependency, we applied almost the same procedure as we did for the LAEs in the 53W002 field: counting the number within the circular region that has the equivalent volume with a sphere with radius of 10 Mpc in comoving scale, rejecting the samples near the edge of the images, dividing the samples into the three subsamples (the rich, normal and poor region sample), and using the measurements based on the Kron photometry. To match the z = 3.1 subsamples with that at z = 2.4, we used the rareness probability scaled by redshift instead of the observed surface density. That is, we adopted the rareness probabilities of 12% and 50% as the separators of the subsamples for the total of 440 LAEs in the z = 3.1 blank fields, where we used the LAE bias of b LAE = 1.9 (Guaita et al. 2010) . This corresponds to the LAE number overdensity of 0.85 and -0.13. In Figure 12 we summarize the results of our analysis for the z = 3.1 blank fields. KS probabilities for every two subsamples are at least larger than 0.21 in EW 0 distributions, and at least larger than 0.34 in L Lyα luminosity distributions. There seems to be no dependence of the EW 0 or Lyα luminosity distributions on environment in the z = 3.1 blank fields. This is consistent with the results in the 53W002 field, and it may be the general property of LAEs. We expected that the external environmental effects (213) poor region sample (113) Fig. 12.-The Lyα EW 0 (top panels) and luminosity (bottom panels) distributions for the z = 3.1 blank fields (the SXDS field and the SDF field). The LAEs are divided into the three subsamples (see text) and the numbers contained in each subsample are shown in the parentheses of each legend. We rejected the objects near the edge of the images from the original catalog (Yamada et al. 2012) .
such as ram pressure, tidal stripping, harassment and so on (which work in timescales of ∼ a few Gyr in typical clusters) are not effective because LAEs are thought to be young galaxies (typically have age ∼ 10 7 yr). The results revealed in this section suggest that the intrinsic environmental effects such as galaxy formation bias does not affect the properties of the Lyα emission of LAEs, at least at the scale of 10 Mpc. It is also interesting that EW distribution of LAEs changes only along redshift. If the EW evolution along redshift is due to evolution of dust amount as claimed in the previous studies (Nilsson et al. 2009 ), there should also be environmental dependency since metal enrichment is expected to be proceeded more quickly in high density environment. So far there is no definitive answer for this question, but we consider that such environmental information is a key to understand the evolution of LAEs.
Rich Regions and LABs
About the four LABs in the 53W002 field we found that they have almost the same rareness probabilities: No.18 and No.19 have 7.7%, and 53W002 and LAB4 have 10.2%. This clearly supports the view that LAB is a population biased to high density environment (Steidel et al. 2000; Matsuda et al. 2004; Prescott et al. 2008) . Interestingly the rareness probabilities of the LABs in the 53W002 field imply that they are not biased to the most dense region but more located at moderate density regions such as the rim of 53W002F-HDR. Especially for No.18 and No.19, we consider that galaxy -galaxy mergers may have triggered their AGN activity and induced their morphological features like tail or jet because the merging mechanism becomes effective in outer regions of clusters of galaxies at least in the local universe (Treu et al. 2003) . The HST images of No.18, which shows the double component having different colors and Lyα brightness in the core unresolved in our images, strengthen the merging hypothesis. No.19, which lies at the distance of only 80 kpc (physical) from No.18, can be considered as to interact with No.18. Unlike the other three, LAB4 doesn't have a strong continuum counterpart such as a QSO, AGN and radio galaxies and looks filamentary. Besides, only LAB4 lives far outside 53W002F-HDR. It lies with a little offset from the local density peak as the other threes did, and possibly interacts with the two blobby LAEs located in the north of LAB4 (see Figure 7) . We speculate that the merger scenario may play a key role in the formation of LABs, but it is needed to confirm the trend that LABs have moderate small rareness probabilities using much larger samples in order to obtain the conclusion.
CONCLUSION
We conducted the deep and wide-field imaging of the 53W002 field.
From the spatial distribution of the 204 LAEs in the 53W002 field at z = 2.4 we identified the overdense region named 53W002F-HDR, where 53W002 lies at the rim. It is found that 53W002F-HDR is a moderately rich region in the z = 2.4 universe where such overdense structure exist with the rareness probability of ∼ 0.9%. The results of the analysis to search for environmental dependency of the properties of LAEs (i.e. Lyα luminosity and EW 0 ) shows that the physical process of emitting Lyα photons of LAEs does not depend on the local density environment at least for 10 Mpc scale. This is in contrast to the fact that the EW 0 distribution changes along redshift. On the other hand, the four LABs (53W002, No.18, No.19 and LAB4) are clearly biased to a moderately rich region such as the rims of the density peaks. This trend may give some hints about the origin of the morphological uniqueness of the LABs.
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Facilities: National Astronomical Observatory of Japan (NAOJ). b The fifth and seventh rows are based on the Kron photometry.
c The local densities are estimated by smoothing the LAE number density with Gaussian kernel with σ=1 ′ .5.
A. THE CALCULATION OF THE EW FOR Lyα EMISSION LINES AT z = 2.4
Here we show the calculation method of the EW for Lyα at z=2.4 from the N B413 and B-band fluxes.
As the wavelength range of the N B413 filter is overlapped with that of the B-band (see Figure 1 ) the continuum flux and the emission flux mix in the N B413 flux and the B flux, respectively. The N B413 flux and the B flux can be described as follows,
f νN B413 /f νB is the flux per unit frequency (erg s −1 cm −2 Hz −1 ) for the photons that enter the N B413/Bband filter, respectively. On the other hand, f νLyα /f νC is the flux per unit frequency of the Lyα line component/the continuum component at the wavelength of 4140Å, respectively. ∆ν N B413 and ∆ν B is the width of the N B413 and B band filters (F W HM ) in unit of frequency, respectively. Here we assume the flat spectrum of the continuum (f νC = constant) in the range of the B band because we cannot estimate the continuum slope at λ = 4140Å from only the B and N B413 fluxes. From (A1a) and (A1b),
(f νN B413 − f νB ), (A2a)
These fluxes per unit frequency lead the several physical quantities of the Lyα emission and the continuum. For the Lyα emission, the flux (erg s −1 cm −2 ) is
and the luminosity (erg s −1 ) is
where d L is the luminosity distance at z = 2.4; 19,830 Mpc in the cosmology we adopted. For the continuum, the flux per unit wavelength is
where λ = 4140Å. Using (A2b), (A3), and (A5), the EW in rest frame can be calculated as
B. THE MAKING OF THE Lyα IMAGE AND THE CONTINUUM IMAGE
In order to make the Lyα image and the continuum image, we should subtract the continuum component from N B413 image or the Lyα line component from the B image. It is possible to do so using the N B413 image and the B image, but careful treatment is needed because the quality of the final image is sensitive to the number of the image operation. The relation between the magnitude and the count in the each image is m N B413 = −2.5 log(COU N T N B413 ) + Z N B413 ,
where Z is the zero point magnitude of each image; 31.73 for the N B413 image and 33.85 for the B image. From these the fluxes per unit frequency can be described as follows, 
(B4) becomes m Lyα = −2.5 log(COU N T Lyα ) + Z Lyα .
So we made the Lyα image as (B5a). We made the continuum image in the same way. From (A2b), (B2a), and (B2b), 
Z continuum = Z N B413 + 2.5 log ∆ν B ∆ν N B413 − 1 .
